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ﬁelds (SEFs) following mechanical stimulation (MS). We used a 306-ch whole-head MEG
system. SEFs were elicited through tactile stimuli with 1-, 2-, 3-, 4- and 8-pins using healthy
participants. Tactile stimuli were applied to the tip of the right index ﬁnger. SEF following
electrical stimulation of the index ﬁnger was recorded in order to compare the activity in
the primary somatosensory cortex (S1) following MS. Prominent SEFs were recorded from
the contralateral hemisphere approximately 54 ms (P50m) and 125 ms (P100m) after MS
regardless of the number of pins. Equivalent current dipoles were located in the S1. The
source activities for P50m and P100m signiﬁcantly increased in tandem with the number of
pins for MS. However, the increased ratios for the source activities according to the
increase in the number of pins were signiﬁcantly smaller than that induced by electrical
stimulation, and when the number of the pins doubled from 1-pin to 2-pins, from 2-pins to
4-pins, and from 4-pins to 8-pins, S1 activities increased by only 130%. Additionally, source
activities signiﬁcantly increased when the inter-pin distance increased from 2.4 to 7.2 mm.
The number of stimulated receptors was considered to have increased with an increase in
the inter-pin distance as well as an increase in the number of pins. These ﬁndings clariﬁed
the effect of the number of pins and inter-pin distance for MS on SEFs.
& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. Elsevier B.V.
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Tactile input from the periphery activates several cortical
areas. The primary somatosensory cortex (S1), located in the
postcentral gyrus, carries out the ﬁrst stage in cortical
processing of somatosensory stimuli. Human somatosensory
magnetic ﬁelds (SEF) following median nerve stimulation
have been widely used to investigate the physiology of
normal somatosensory cortical processing (Forss and
Jousmaki, 1998; Hari and Forss, 1999; Huttunen et al., 2006;
Inui et al., 2004; Kakigi et al., 2000; Kawamura et al., 1996;
Mima et al., 1998; Nagamine et al., 1998; Wikstrom et al.,
1996). Previous studies have reported that the amplitude of
SEF components following median nerve stimulation is inﬂu-
enced by stimulus intensity and that S1 responses increase in
amplitude with the increase of stimulus intensity (Hoshiyama
and Kakigi, 2001; Jousmaki and Forss, 1998; Torquati et al.,
2002; Tsutada et al., 1999). Electrical stimuli (ES), which have
been used in numerous somatosensory research studies, have
been a useful tool for investigating cortical processing of
somatosensory stimuli, but are considered to be unnatural
stimuli.
There have been several SEF studies using mechanical
stimuli (MS), e.g. pneumatic stimulation and ﬁnger clips
(Hoechstetter et al., 2000, 2001; Karageorgiou et al., 2008; Lin
et al., 2003, 2005). However, the rise time for MS has not been
clearly deﬁned in these studies. Therefore, the temporal
aspect of cortical activity following MS has not been identiﬁed
as clearly as that following ES. Additionally, pneumatics and
ﬁnger clip stimuli have limited points of application at
various parts of the body. Although only Jousmaki et al.
(2007) have presented a novel solution to produce tactile
stimuli on various parts of the body in MEG studies, theig. 1 – Representative whole-scalp SEF waveforms elicited by me
solid lines) with a period between 50 ms before and 300 ms afte
hole-scalp waveforms indicate the waveforms in the encircled
timulation.stimulus intensity of their device is unclear. Previously, we
have reported that SEF waveforms could be obtained follow-
ing MS using a precise and consistent tactile stimulator
driven by piezoelectric actuators, and clear SEF responses at
S1 contralateral to the stimulated side were induced not only
by mechanical-on stimulation, but also mechanical-off sti-
mulation (Onishi et al., 2010). However, the relationship
between the MS conditions (e.g. number of pins and area of
stimuli) and SEF response remains unclear.
Franzen and Offenloch (1969) reported that the cortical
response increased when the amplitude of indentation for
mechanical stimulation increased. Additionally, Wu et al.
(2003) indicated that the skin′s surface became widely
indented around the diameter of the pin when the skin was
mechanically stimulated with a tiny pin. Therefore, it has
been speculated that the number of pins and area of stimuli,
similar to the increased amplitude of an S1 response with the
increase of intensity of ES, inﬂuence the SEFs elicited by MS.
It is thus worthwhile to examine the relationship between
the conditions of life-like tactile stimuli and cortical activ-
ities. In clinical practice, two-point discrimination has been
used extensively to evaluate the severity of peripheral nerve
injuries (Jerosch-Herold, 2005; Lundborg and Rosen, 2004).
However, the relationship between the inter-pin distance of
2-pins and S1 activity remains unclear. It is thus important to
investigate the effect of the number of stimulus pins or inter-
pin distance on S1 activities, before two-point discrimination
is increasingly used clinically or in research. The present
study was designed to investigate the effect of the number of
stimulus pins or inter-pin distance of 2-pins on SEF response
following MS in the S1 area contralateral to the stimulation.
We measured SEFs following the use of a varying number of
pins and the inter-pin distance for MS applied to the index
ﬁnger of healthy participants. Following several differentchanical stimulation with 4-pins (dashed lines) and 8-pins
r the onset of stimulation. The enlarged waveforms above
area over the sensorimotor area contralateral to the
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to compare S1 activity following MS.Table 1 – Mean ECD locations elicited by mechanical
stimulation with 1-, 2-, 3-, 4- and 8-pins.
X Y Z
1-pin 41.476.3 6.7711.2 86.576.3
2-pins 43.178.5 5.278.7 89.975.9
3-pins 42.878.6 5.777.0 88.376.3
4-pins 41.977.4 7.9711.6 88.076.7
8-pins 42.575.4 8.0712.0 88.975.5
ANOVA F(4,44)¼0.272 F(4, 44)¼0.602 F(4, 44)¼0.941
p¼0.894 p¼0.663 p¼0.449
Values presented are mean7standard deviation (mm). ECD¼equiva-
lent current dipole.2. Results
2.1. Experiment 1: Effects of the number of pins for MS on
SEF
The typical whole-scalp SEF waveforms detected after MS
using 4-pins and 8-pins in a representative subject are shown
in Fig. 1. We conﬁrmed a number of deﬂections in SEF
waveforms following MS around the primary sensorimotor
area contralateral to the stimulated side. The most promi-
nent SEF deﬂection was identiﬁed approximately 50 ms after
MS and the equivalent current dipoles (ECDs) were estimated
at the S1 in all subjects. Fig. 2 shows that the representative
ECD location estimated at the most prominent deﬂection
after MS with 8-pins superimposed onto a subject′s magnetic
resonance image (MRI). The mean ECD locations on axial,
coronal, and sagittal planes are summarized in Table 1. There
were no signiﬁcant differences in ECD locations among the
ﬁve types of stimulus pin numbers (p40.1).
The time courses of the averaged source activities across
subjects elicited by each MS with 1-, 2-, 3-, 4-, and 8-pins are
superimposed and presented in Fig. 3a. We observed a
number of deﬂections in the source activities in all subjects.
Each deﬂection peaked at approximately 28 ms (N20m), 54 ms
(P50m), and 125 ms (N100m), and each component could be
observed in 6, 12, and 12 out of the 12 subjects, respectively.
Table 2 shows the peak latencies of source activities follow-
ing MS with 1-, 2-, 3-, 4-, and 8-pins. There were no signiﬁcant
differences in peak latencies among the ﬁve types of stimulus
pin numbers for each component (p40.05).
The source activities for P50m and N100mwere signiﬁcantly
altered by a change in the number of stimulus pins (po0.01,
Table 3). The mean source activities for each component areFig. 2 – Results of ECD analysis in the representative subject. Th
MR images. The left and the right panels show the axial and cor
the primary somatosensory cortex. The circle (left and right pan
elicited by mechanical stimulation with 8-pins and N20m elicitesummarized in Fig. 3b to compare the source activities among
the number of pins. The source activities for P50m elicited
using 8-pins was signiﬁcantly larger than those elicited by
4-pins (po0.01), 3-pins (po0.01), 2-pins (po0.01), and 1-pin
(po0.01). Likewise, the source activities elicited by 4-pins was
signiﬁcantly larger those that elicited by 2-pins (po0.05) and 1-
pin (po0.01). The source activities for N100m elicited by 8-pins
was signiﬁcantly larger than those elicited by 4-pins (po0.05),
3-pins (po0.01), 2-pins (po0.01), and 1-pin (po0.01). Addition-
ally, the source activity elicited by 4-pins was signiﬁcantly
larger than that elicited by 1-pin (po0.05).
The mean intensity of sensory perception threshold (ST)
induced by ES was 2.270.3 mA (mean7SD, range 1.6–2.8 mA),
and ST less than 2.0 mA was observed only in four of the 12
subjects. Therefore, we used the SEFs induced by ES at
intensities of 3-, 4-, 5-, and 6 mA to compare the latencies,
moment, and locations of the sources in the present study.
We conﬁrmed some deﬂections of SEF waveforms following
ES around the sensorimotor area contralateral to the stimu-
lated side as following the MS. The most prominent SEF
deﬂection was identiﬁed approximately 40 or 70 ms after ES.e locations of ECDs are superimposed on the same subject′s
onal planes. The equivalent current dipole (ECD) is located in
els) and triangle (left panel) symbols for ECDs refer to P50m
d by electrical stimulation with 6.0 mA, respectively.
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located at S1 in all subjects, and these ECD locations are
presented in Table 4. There were no signiﬁcant differences in
ECD locations among the four stimulus intensities (p40.1).
The time courses for the averaged source activities across
subjects elicited by each ES at an intensity of 3-, 4-, 5-, and
6 mA are superimposed and presented in Fig. 4a. The deﬂec-
tions of source activities peaked at approximately 25 ms
(N20m), 41 ms (P35m), 73 ms (P60m), and 130 ms (N100m).
Table 5 shows the peak latencies of source activities follow-
ing ES at the following intensities: 3-, 4-, 5-, and 6 mA. ThereFig. 3 – (a) Grand averaged source waveforms across subjects el
(b) The mean source activities of each component were summari
for mechanical stimulation. n1: P50m: 8-pins44-pins (po0.01), 3
4-pins42-pins (po0.05), 1-pin (po0.01). n3: N100m: 8-pins44-pi
n4: N100m: 4-pins41-pin (po0.05).
Table 2 –Mean latencies for peak source activities for N20m, P5
2-, 3-, 4- and 8-pins.
N20m (n¼6)
1-pin 29.372.2
2-pins 28.872.4
3-pins 28.372.7
4-pins 28.372.7
8-pins 27.872.5
ANOVA F(20.65, 10.324)¼3.545
p¼0.066
Values presented are mean7standard deviation (ms).
Table 3 – Mean source strengths for peak deﬂections for N20m,
1-, 2-, 3-, 4- and 8-pins.
N20m (n¼6)
1-pin 3.673.1
2-pins 4.072.6
3-pins 3.171.7
4-pins 4.472.6
8-pins 5.373.1
ANOVA F(4, 20)¼2.286
p¼0.096
Values presented are mean7standard deviation (nAm).were signiﬁcant differences in peak latencies among the four
stimuli intensities at N20m (po0.01), at P35m (po0.05), and at
P60m (po0.01); however, there were no signiﬁcant differences
in peak latencies among the four stimuli intensities at N100m
(p¼0.635). The peak latencies for N20m elicited by 4-, 5-, and
6mA of ES were signiﬁcantly shorter than that elicited by 3mA
of ES (po0.01). Additionally, the peak latencies for P35m and
P60m elicited by 6mA of ES were signiﬁcantly shorter than
those elicited by 3mA of ES (P35m, po0.05; P60m, po0.01).
The source activities for N20m, P35m, P60m, and N100m
were signiﬁcantly altered with a change in stimulus intensityicited by each number of pins of mechanical stimulation.
zed to compare the source activities among the pin numbers
-pins (po0.01), 2-pins (po0.01), 1-pin (po0.01). n2: P50m:
ns (po0.05), 3-pins (po0.01), 2-pins (po0.01), 1-pin (po0.01).
0m, and N100m elicited by mechanical stimulation with 1-,
P50m (n¼12) N100m (n¼12)
54.3710.5 124.0714.4
53.779.6 127.8713.9
53.379.4 121.5716.4
54.079.4 125.7717.1
53.579.5 127.1717.9
F(4, 44)¼0.428 F(4, 44)¼1.429
p¼0.788 p¼0.24
P50m, and N100m elicited by mechanical stimulation with
P50m (n¼12) N100m (n¼12)
6.273.6 4.671.7
7.273.7 5.172.1
7.573.9 5.672.1
9.073.8 6.573.0
11.175.5 8.373.4
F(4, 44)¼20.465 F(4, 44)¼14.438
po0.01 po0.01
Fig. 4 – (a) Grand averaged source waveforms across subjects elic
are superimposed. (b) The mean source activities of each comp
among the intensities of electrical stimulation. n1: N20m: 6 mA4
(po0.05). n3: P35m: 6 mA43 mA (po0.01). n4: P35m: 5 mA43 mA
6mA43 mA (po0.05). n7: N100m: 6 mA44 mA (po0.05), 3 m A
Table 5 – Mean latencies for peak source activities for N20m, P
intensities of 3, 4, 5 and 6 mA.
N20m (n¼11) P35m (n¼12)
3 mA 26.272.1 42.377.8
4 mA 25.372.1 41.478.0
5 mA 25.171.8 41.278.3
6 mA 25.171.6 40.977.7
ANOVA F(3, 30)¼10.0 F(3, 33)¼3.199
po0.01 po0.05
Values presented are mean7standard deviation (ms).
Table 6 – Mean source strengths for peak deﬂections for N20m
intensities of 3, 4, 5 and 6 mA.
N20m (n¼11) P35m (n¼12
3 mA 4.072.4 4.272.8
4 mA 4.973.2 5.773.4
5 mA 5.872.9 6.673.2
6 mA 6.473.5 6.873.9
ANOVA F(3, 30)¼7.167 F(3, 33)¼7.99
po0.01 po0.01
Values presented are mean7standard deviation (nAm).
Table 4 – Mean ECD locations elicited by electrical sti-
mulation at intensities of 3, 4, 5 and 6 mA.
X Y Z
3 mA 42.979.3 7.679.7 85.574.8
4 mA 42.8710.3 9.777.8 84.174.1
5 mA 43.676.7 6.879.6 84.576.7
6 mA 42.577.4 7.477.2 86.278.9
ANOVA F(3, 33)¼0.149 F(3, 33)¼1.764 F(3, 33)¼0.232
p¼0.929 p¼0.173 p¼0.874
Values presented are mean7standard deviation (mm).
ECD¼equivalent current dipole.
b r a i n r e s e a r c h 1 5 3 5 ( 2 0 1 3 ) 7 8 – 8 882(Table 6). The mean source activities for each component are
summarized in Fig. 4b in order to compare the source
activities among the stimulus intensities of ES. The source
activity for N20m elicited by 6 mA with ES was signiﬁcantly
larger than those elicited by 4 mA (po0.05) and 3 mA (po0.01)
using ES. Moreover, the activity elicited by 5 mA of ES was
signiﬁcantly larger than that elicited by 3 mA of ES (po0.05).
The source activities for P35m elicited by 6 mA and 5 mA of
ES were signiﬁcantly larger than that elicited by 3 mA of ES
(po0.01). In addition, the source activity for P60m elicited by
using 6 mA of ES was signiﬁcantly larger than that elicited
by 3 mA of ES (po0.05). The source activity for N100m elicited
by 6 mA of ES was signiﬁcantly larger than those elicited by
4 mA (po0.05) and 3 mA (po0.01) of ES.ited by electrical stimulation at intensities of 3, 4, 5, and 6 mA
onent were summarized to compare the source activities
4 mA (po0.05), 3 mA (po0.01). n2: N20m: 5 mA43 mA
(po0.01). †5: P35m: 4 mA43 mA (p¼0.09). n6: P60m:
(po0.01).
50m, and N100m elicited by electrical stimulation at
P60m (n¼12) N100m (n¼12)
74.073.7 129.2719.4
73.273.0 131.4721.7
72.973.4 130.7721.3
71.674.8 128.5722.6
F(3, 33)¼4.922 F(1.479, 16.264)¼0.369
po0.01 p¼0.635
, P50m, and N100m elicited by electrical stimulation at
) P60m (n¼12) N100m (n¼12)
4.372.6 5.17 3.1
5.973.0 5.472.8
6.374.0 6.774.0
7.075.4 7.574.3
2 F(3, 33)¼3.558 F(3, 33)¼4.935
po0.025 po0.01
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or from 2-pins to 4-pins and 4-pins to 8-pins, the source
activities at P50m increased 126.3728.4, 132.6734.0, and
119.3715.7%, respectively. However, when the intensity of
ES doubled from 3 to 6 mA, the source activities at P35m
increased by 193.6798.5%. A one-way ANOVA revealed sig-
niﬁcant differences in the increase ratio of source activities
(F(1.534, 16.874)¼14.731, po0.05) and the increase ratio of source
activities induced by MS was signiﬁcantly smaller than that
induced by ES (po0.05, Fig. 5).2.2. Experiment 2: Effects of inter-pin distance for MS on
SEF
Fig. 6 We observed a number of deﬂections in the SEF wave-
forms and source activities similar to those elicited by MS
in experiment 1. Each deﬂection in source activities peaked at
approximately 28 ms (N20m), 55 ms (P50m), and 126 ms
(N100m), and each component was observed in 5, 10, and
10 out of the 10 subjects, respectively. Table 7 shows the peak
latencies for source activities following MS with 2.4, 4.8, and
7.2 mm of inter-pin distance. There were no signiﬁcant
differences in peak latencies among the three types of
inter-pin distance for each component (p40.05).
The source activities for P50m and N100m were signiﬁ-
cantly altered by a change in the inter-pin distance (po0.01,
Table 8). The source activity for P50m elicited by MS with
7.2 mm of inter-pin distance was signiﬁcantly larger than
that elicited by MS with an inter-pin distance of 2.4 mm
(po0.01). Likewise, the source activity for N100m elicited by
MS with an inter-pin distance of 7.2 mm was signiﬁcantlyFig. 5 – The increased ratio of source activities at P50m with
the number of pins doubling from 1-pin to 2-pins, from 2-
pins to 4-pins, and from 4-pins to 8-pins, and of the source
activity at P35m with the intensity of electrical stimulation
doubling from 3mA to 6 mA. The increased ratio of source
activities induced by mechanical stimulation was
signiﬁcantly smaller than that induced by electrical
stimulation (po0.05).larger than that elicited by MS with an inter-pin distance of
2.4 mm (po0.01).3. Discussion
We evaluated the effect of the number of tiny mechanical
pins on SEF following MS. The source which was calculated at
the most prominent SEF deﬂection approximately 50 ms after
MS was located in the contralateral S1. This source location
and peak latency are consistent with previous studies
(Hesse et al., 2010; Huttunen, 1986; Jousmaki et al., 2007;
Karageorgiou et al., 2008; Onishi et al., 2010). Source activities
for P50m and N100m increased according to the increase of
the number of pins. As source activities are known to depend
on the synchronicity of postsynaptic potentials and the
number of activated neurons (Hari and Forss, 1999), increased
source activities may reﬂect an increased number of acti-
vated mechanoreceptors, similar to activated cortical neu-
rons. Four classes of mechanoreceptive afferents, slowly
adapting types 1 and 2 (SA1 and SA2) and rapidly adapting
types 1 and 2 (RA1 and RA2) have been found for human
glabrous skin (Vallbo and Johansson, 1984). Speciﬁcally, the
following connections have been reported in the literature:
SA1 afferents connected to Merkel discs, SA2 afferents to
Rufﬁni endings, RA1 afferents to Meissner′s corpuscles, and
RA2 afferents to Pacinian corpuscles (Johansson, 1978). SA1
and RA1 units have small and well deﬁned cutaneous
receptive ﬁelds of relatively uniform sensitivity and the iso-
sensitivity ﬁelds of these receptors have an expanse of
approximately 4 mm in diameter (Johansson, 1978). In con-
trast, the SA2 and RA2 units have been characterized by large
receptive ﬁelds with obscure borders and have an expanse of
above 10 mm in diameter for iso-sensitivity receptive ﬁelds
(Johansson, 1978). Therefore, the number of stimulated recep-
tors is considered to have increased, but not doubled, even if
the number of pins with 2.4 mm of inter-pin distance
increased from 1-pin to 2-pins, from 2-pins to 4-pins, or from
4-pins to 8-pins.
Furthermore, Wu et al. (2003) investigated the deformation
proﬁle of the skin surface of a ﬁngertip when it was stimu-
lated by a tiny pin, and suggested that when the skin′s
surface was stimulated mechanically at a depth of 0.8 mm
with a tiny pin, skin deformation was approximately 9 mm in
diameter around the pin. Therefore, when the skin′s surface
is stimulated mechanically with a tiny pin, the skin around
the pin becomes indented as in Fig. 7a. Approximately 9 mm
in diameter around the pin was indented through stimulation
with 0.8 mm of pin-depth in the present study. Namely, when
the number of the pins doubled from 1-pin to 2-pins or from
2-pins to 4-pins, the skin indentation slightly increased from
9 to 11.4 mm or from 11.4 to 16.2 mm in diameter such as in
Fig. 7b, and c, respectively. Because the number of stimulated
mechanoreceptors slightly increased according to an increase
in pin number as well as an increase in inter-pin distance,
cortical activities of S1 might increase by only 130%. Addi-
tionally, source activities increased with an increase in the
inter-pin distance of 2-pins from 2.4 to 7.2 mm in experiment
2. Thus, it was considered that the skin indentation increased
from 11.4 to 16.8 mm, as in Fig. 7d, when the inter-pin
Fig. 6 – Schema of the skin surface indentation induced by mechanical stimulation using 1-pin (a), 2-pins (b), and 4-pins (c) at
a protrusion of 0.8 mm. Inter-pin distance was 2.4 mm (a)–(c). The left panel in (a) indicates an enlarged view of the skin
surface encircled on the right panel. (d): Schema of the skin surface indentation induced by mechanical stimulation using
2-pins with an inter-pin distance of 7.2 mm.
Table 7 – Mean latencies for peak source activities for
N20m, P50m, and N100m elicited by 2-pins of mechanical
stimulation with 2.4, 4.8, and 7.2 mm of inter-pin
distance.
N20m (n¼5) P50m (n¼10) N100m (n¼10)
2.4 mm 28.872.6 55.177.6 124.4716.3
4.8 mm 28.472.3 55.879.0 128.1720.4
7.2 mm 28.072.3 56.178.6 124.9719.0
ANOVA F(2, 8)¼1.263 F(2, 18)¼0.522 F(2, 8)¼1.355
p¼0.334 p¼0.602 p¼0.286
Values presented are mean7standard deviation (ms).
Table 8 – Mean source strengths for peak deﬂections for
N20m, P50m, and N100m elicited by 2-pins of mechanical
stimulation with 2.4, 4.8, and 7.2 mm of inter-pin
distance.
N20m (n¼5) P50m (n¼10) N100m (n¼10)
2.4 mm 2.670.8 8.873.1 6.574.1
4.8 mm 3.271.2 9.373.0 7.574.2
7.2 mm 3.671.4 10.473.1n 9.174.7n
ANOVA F(2, 8)¼2.62 F(2, 18)¼7.831 F(2, 8)¼8.606
p¼0.133 p¼0.004 p¼0.002
Values presented are mean7standard deviation (nAm).
n The source strengths for P50m and N100m elicited by MS with
7.2 mm of inter-pin distance were signiﬁcantly larger than those
elicited by MS with 2.7 mm of inter-pin distance (P50m, po0.01;
N100m, po0.01).
b r a i n r e s e a r c h 1 5 3 5 ( 2 0 1 3 ) 7 8 – 8 884distance increased from 2.4 to 7.2 mm. Namely, the number
of stimulated receptors was considered to have increased
with an increase in inter-pin distance, even if the number of
pins was identical.
Additionally, the effect of the intensity of tactile electrical
stimulation on SEF was evaluated. The source, calculated at
the peak of the SEF deﬂection approximately 40ms after ES,
was located at S1. The source location and peak latency wereconsistent with previous reports (Xiang et al., 1997). The peak
amplitude of the source activities at N20m, P35m and P60m
after ES increased with the increase in stimulus intensity. In
addition, peak latencies for source activities at N20m, P35m,
and P60m were shortened with the increase in stimulus
Fig. 7 – Schema of the mechanical stimulator and the pattern of mechanical stimulation. (a) Picture of the mechanical stimulator.
(b) Schema of a mechanical pin. The speciﬁcations of each pin are 1.3 mm in diameter and 0.8mm in height for the protrusion.
(c) Sequence of the pins. Two arrays of four tiny pins were used. The distance between pins was set at 2.4 mm. (d) Pattern
example of mechanical stimulus. The inter-stimulus interval was set at 500ms including 1ms for stimulus duration. (e) Sequence
of the pins used in experiment 2. Two tiny pins were used and the inter-pin distances were set at 2.4, 4.8, and 7.2mm.
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electrical stimulation revealed the same relationship between
stimulus intensity and cortical activation patterns as mixed
nerve stimulation (Hoshiyama and Kakigi, 2001; Jousmaki and
Forss, 1998; Torquati et al., 2002; Tsutada et al., 1999).
We observed two or three deﬂections for source activities at
28, 54 and 125ms after MS, whereas four peaks were observed
at 25, 41, 73, and 130ms after ES. Moreover, the deﬂection of
source activity approximately 28ms after MS was obtained in
only six of the twelve subjects, and when we calculated ECD
location at the peak of the SEF waveform approximately 28ms
after MS, goodness-of-ﬁt values above 90% were obtained from
only two subjects. These results are consistent with previous
studies using mechanical stimulation (Huttunen, 1986;Jousmaki et al., 2007; Onishi et al., 2010). The differences in
the waveform for source activities elicited by MS relative to
those elicited by ES may be accounted for by the following
possibility. Extra time may be needed for skin indentation after
the onset of MS or skin recovery after the offset of MS and the
process of receptor transduction in the case of mechanical
stimulation as pointed out by Nakanishi et al. (1973) and
Hashimoto (1987). Another explanation may be that electrical
stimulation with ring electrodes activated the digital nerves and
receptors, which include cutaneous and joint afferents. This
may differ from MS of the ﬁnger tip, which exclusively includes
cutaneous afferents. However, this possibility could not be
clariﬁed in the present study. Therefore, we intend to perform
further investigations to clarify this purported difference.
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in the hemisphere ipsilateral to the stimulated side was not
obtained by MS in the present study, although there have
been some MEG studies on S2 responses following MS (Forss
et al., 1994; Onishi et al., 2010). The inter-stimulus interval
(ISI) of stimulation was set at Z1 s in these previous studies.
Our main focus in the present study was to investigate the
effect of the number of mechanical pins on S1 activity. To
reduce the total experiment time for the participants, we
used the stimulus rate of 2 Hz. Wikstrom et al. (1996) reported
that the MEG response from S2 were seen only with an ISI of
Z1 s, beginning with the strongest responses seen using
a 5 s ISI. Therefore, it was considered that the absence of S2
activities following MS might have been observed in the
present study.
In summary, we showed that in healthy humans, S1 activities
in response to tiny mechanical pins on the index ﬁnger tip
depend on the number of pins and the inter-pin distance. In
addition, our results demonstrated that most source activities
observed approximately 50ms after MS with a tiny mechanical
pin (1.3mm diameter; height of the protrusion 0.8mm; 2.4mm
inter-pins distance) were similar to that elicited by ES at
intensities from 4 to 5mA. Therefore, these results may be
considered an index of future application concerning cortical
responses elicited by mechanical stimulation.4. Experimental procedures
4.1. Experiment 1: Effects of the number of pins for MS on
SEF
4.1.1. Subjects
Twelve healthy, right-handed volunteers (age range, 21–44
years; mean7standard deviation, 27.377.4 years; 10 males
and two females) participated in experiment 1. All subjects
provided written informed consent, and the study was
approved by the ethics committee at Niigata University of
Health and Welfare.
4.1.2. Mechanical stimulation (MS)
The mechanical stimulator consisted of 24 tiny plastic pins
driven by piezoelectric actuators (TI-1101; KGS, Saitama,
Japan, Fig. 7a). The speciﬁcations for each pin were as follows:
1.3 mm diameter; height of the protrusion 0.8 mm (Fig. 7b)
with a pushing force of 0.031–0.12 N/pin. The distance
between pins was set at 2.4 mm (Fig. 7c). Five types of MS
(1-pin, 2-pins, 3-pins, 4-pins, and 8-pins) with 1 ms of pro-
truding duration were applied to the tip of the right index
ﬁnger at 2 Hz. A thousand or more stimuli were consecutively
delivered including the ﬁve types of stimuli using a pseudo-
random order (see Fig. 7d).
4.1.3. Electrical stimulation (ES)
Electrical stimulations (ES) were applied using ring electrodes
placed around the middle and distal phalanges of the right
index ﬁnger (NeuropackΣ; Nihon Kohden, Tokyo, Japan).
A cathode was placed on the middle phalanx and the anode
distally. Intensities of 2–6 mA using a square-wave pulse with
a 1.0 ms duration were delivered at 2 Hz. Two hundred ormore pulses were delivered to the ring electrodes for each
intensity, and ﬁve types of intensities were applied using a
pseudo-random order. Before the SEF recordings, we deﬁned
the ST as the lowest level of electrical stimulus intensity that
produces the subtle tactile sensation on the tip of the index
ﬁnger.
4.2. Experiment 2: Effects of inter-pin distance for MS on
SEF
4.2.1. Subjects
Ten healthy, right-handed volunteers (age range, 21–44 years;
mean7standard deviation, 28.177.9 years; 8 males and two
females) participated in experiment 2. All subjects provided
written informed consent, and the study was approved by the
ethics committee at Niigata University of Health and Welfare.
4.2.2. Mechanical stimulation (MS)
The mechanical stimulator was the same as that in experi-
ment 1. Two pins were used in experiment 2 in order to
examine the effect of the inter-pin distance on SEFs. The pin
diameter and height of the protrusion were the same as that
in experiment 1. The distances between two pins were set at
2.4, 4.8, and 7.2 mm (Fig. 7e). Three types of MS (with inter-pin
distances of 2.4, 4.8, and 7.2 mm) with a 1 ms duration of
protrusion were applied to the tip of the right index ﬁnger at
2 Hz. Six hundred or more stimuli were consecutively deliv-
ered including the three types of stimuli using a pseudo-
random order.
4.3. Data acquisition
Subjects were comfortably seated inside a magnetically
shielded room (Tokin Ltd., Sendai, Japan) with their heads
ﬁrmly positioned inside a 306-ch whole-head MEG system
(Vectorview, Elekta, Helsinki, Finland). This device contains
102 identical triple sensors, each housing two orthogonal
planar gradiometers and one magnetometer. This conﬁgura-
tion of gradiometers speciﬁcally detects the signal just above
the source current. Continuous MEG signals were sampled at
1000 Hz using a band-pass ﬁlter ranging between 0.03 and
330 Hz.
Prior to MEG measurements, three anatomical ﬁducial
points (nasion and bilateral preauricular points) and four
indicator coils on the scalp were digitized using a three-
dimensional (3D) digitizer (FASTRAKTM; Polhemus, Colche-
ster, VT, USA). The ﬁducial points provided spatial informa-
tion necessary for the integration of MRI and MEG data,
whereas the indicator coils determined the position of the
subject′s head in relation to the helmet. T1-weighted MRI was
obtained using a 1.5-T system (Signa HD, GE Healthcare,
Milwaukee, WI, USA).
4.4. Data analysis
The signal space separation (SSS) method, which separates
brain-related and external interference signals, was ﬁrst applied
to reduce environmental and biological noise (MaxFilter 2.2
[software], Elekta). SSS efﬁciently separates brain signals from
b r a i n r e s e a r c h 1 5 3 5 ( 2 0 1 3 ) 7 8 – 8 8 87external disturbances based on the fundamental properties of
magnetic ﬁelds (Taulu et al., 2004; Taulu and Simola, 2006).
SEF signals were obtained 50 ms before and 300 ms after
the onset of MS or ES, and the averages of 200 epochs for SEFs
in each pin number of MS or intensity of ES were obtained
separately. To analyze the SEFs, the band-pass ﬁlter was set
between 0.2 and 100 Hz, and the 20-ms period of data
preceding stimulus onset was used as the baseline.
The sources for the components of interest in the SEFs
were estimated as the ECDs, using a least-squares search
with a subset of 16–18 channels over the sensorimotor area
contralateral to the stimulated side. We used Source Model-
ing software (Elekta) to model the source activities. The ECD
locations and moments were calculated using a spherical
conductor model of a 3D axis determined using the ﬁducial
points (nasion and bilateral preauricular points). We accepted
ECDs with a goodness-of-ﬁt better than 90% for analysis. The
accepted ECDs were superimposed onto individual MRIs.
The best location and orientation of a source for explaining
the major magnetic ﬁeld components was estimated at a most
peak deﬂection approximately 50ms after the MS, because the
SEF deﬂections were most clearly obtained approximately
50ms after the MS (Huttunen, 1986; Jousmaki et al., 2007;
Karageorgiou et al., 2008; Onishi et al., 2010). Similarly, when
the time courses of source activities were calculated following
ES, the best location and orientation of a source was estimated
at a peak deﬂection approximately 50ms after the ES in order to
compare the source activities following MS.
The source location was expressed using an MEG head-
based coordinate system. The origin was the midpoint
between the pre-auricular points. The x axis indicated the
coronal plane with a positive value toward the right pre-
auricular point, the y axis indicated the mid-sagittal plane
with a positive value in the anterior direction, and the z axis
indicated upward with a positive value toward the upper side.
4.5. Statistical analysis
Data are expressed using means7SD. Statistical analyses
were performed using PASW statistics 18 software (IBM SPSS,
NY, USA). The amplitudes and the latencies for source
activities and the locations of ECD were statistically analyzed
using one-way repeated measures ANOVA. The differences in
the increased ratio of the source activities accompanying the
increase in pin number or stimulus intensity were also
analyzed using one-way repeated measures ANOVA in order
to compare the responses from MS and ES. The sphericity of
the data was analyzed using Mauchly′s test, and Green-
house–Geisser-corrected signiﬁcance values were used when
sphericity was lacking. Tukey′s HSD was used for multiple
comparisons. For all analyses, differences were considered
signiﬁcant at the po0.05 level.Acknowledgments
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